Cerebellar mutism syndrome (CMS) is an important medical challenge in the management of pediatric posterior fossa brain tumors, because it occurs in a subset of children following tumor resection. A definitive clinical profile and neuroanatomical substrate associated with CMS remains unclear. We investigated the relationship between presurgical and clinical variables and the incidence of CMS, along with diffusion tensor imaging, to characterize the integrity of cerebello-thalamocerebral white matter pathways. Seventeen children with posterior fossa tumors and CMS, 34 children with posterior fossa tumors without CMS, and 28 healthy children were enrolled in this study. Bilateral cerebello-thalamo-cerebral pathways were delineated and segmented into anatomical regions. Mean integrity measures for each region were compared among children with CMS, children without CMS, and healthy children. Left-handedness, medulloblastoma histology, and larger tumor size distinguished between patients with CMS and patients without CMS (P < .04). Right cerebellar white matter within the cerebello-thalamo-cerebral pathway was compromised in children with CMS relative to children without CMS and healthy children (P < .02). We provide a potential schema for CMS risk among children treated for posterior fossa tumors. Left-handed children treated for medulloblastoma may be the most at risk for CMS, and unilateral, localized damage within the cerebello-thalamo-cerebral pathway at the level of the right cerebellum is implicated in the presentation of CMS. This disruption in communication between the right cerebellum and left frontal cortex may contribute to speechlanguage problems observed in children with CMS. Our findings may be relevant for surgical planning and speech-language therapy to mitigate symptoms of CMS.
C erebellar mutism syndrome (CMS), also known as posterior fossa syndrome (PFS), occurs in up to 25% of children following resection of pediatric posterior fossa (PF) tumors. 1 -3 CMS typically manifests 1-2 days postoperatively 3 and is characterized by diminished speech output, dysarthria, and linguistic difficulties. 1, 4, 5 Patients may also present with dysphagia, hypotonia, ataxia, emotional lability, and personality/ behavioral changes. 6 Children with CMS can have persistent, long-term neurological, speech-language, and cognitive impairment. 3,7 -9 Attempts to discern anatomical and clinical correlates of CMS have been made with variable results. Because CMS is a significant neurological complication following resection of pediatric PF tumors, understanding the relations between these risk factors and neuroanatomic insult is crucial. To date, no comprehensive model integrating clinical and neuroanatomic predictors has been developed. Such a model is essential for accurately predicting those patients who may present with CMS and subsequently take steps to mitigate the adverse effects of this syndrome. To develop our model, we examined clinical factors that may predict CMS, defined the primary white matter pathway from the cerebellum that has been previously implicated in CMS, and modeled the relations between these factors. CMS is a disorder of speech and language, which are dependent on hemispheric dominance. Thus, we also included premorbid handedness in our model to capture the influence of presurgical hemispheric organization on vulnerability to CMS.
First, there are numerous clinical factors that may contribute to CMS (see Wells et al. 10 for a detailed summary). Previous studies have found no relation between CMS and age at diagnosis or sex. 3, 11, 12 Tumor type and location have been identified as risk factors, with higher rates of CMS found in medulloblastoma relative to other tumor types, 10 particularly when the tumor is situated in the vermis. 1 Mixed results regarding the effect of tumor size identify this variable as a risk factor in some studies 13, 14 and inconsequential in predicting CMS in others. 3, 15 Because no well-defined clinical schema of CMS risk exists, our first goal was to investigate and produce a model of presurgical and clinical predictors of CMS.
Second, attempts have been made to elucidate the mechanism of injury or neuroanatomical substrate that may explain why some patients present with CMS and others do not. An understanding of such a substrate is only now being uncovered. Increased brainstem involvement by the tumor and tumor infiltration of normal tissue have been associated with CMS. 3 Furthermore, bilateral edema in the cerebellar peduncles following surgery has been implicated in CMS. 16 The cerebellar peduncles connect the cerebellum with brainstem and are important components of cerebellar afferent/ efferent pathways. Compromised cerebellar peduncles may contribute to the interruption in communication between the cerebellum and cortex, resulting in CMS. For example, bilateral hypoperfusion in proximal efferent cerebellar pathways (eg, cerebellar peduncles and frontal cortex) was observed in patients with CMS relative to patients without CMS. 17 Such findings are consistent with a diaschisis model of pathophysiological insult in which injury in 1 brain region results in a loss of function in a distal brain region that is connected to the primary region of injury. 17 -21 Indeed, using a voxelwise approach, Morris et al. 22 found multiple white matter anomalies in patients with CMS, compared with patients without CMS across the brain, including areas connecting the cerebellum with the cortex. They did not, however, delineate and examine the integrity of the specific structural connections between the cerebellum and cortex via cerebellar peduncles. To define such connections and quantify the structural integrity of white matter pathways, we used diffusion tensor imaging (DTI) and probabilistic tractography. Our second goal was to determine whether CMS is related to structural damage in the cerebello-thalamo-cerebral (C-T-C) pathway with use of DTI methodologies (see Fig. 1 ).
The C-T-C pathway is the primary efferent bilateral pathway connecting the cerebellum with the cortex.
22 -28 C-T-C pathways have been structurally documented using DTI tractography in healthy adults 26 and children 23 and in children with PF tumors. 23 Because this pathway is a major cerebellar output circuit and has been shown to sustain damage following resection of PF tumors, 23 such damage may contribute to the symptoms of CMS. 3, 4, 7, 10, 22, 29, 30 We hypothesized that patients with CMS would show greater structural compromise in the C-T-C pathway, particularly in the pons and cerebellar regions, than would patients without CMS or healthy control children. 3, 16, 17 To develop our comprehensive model, we examined the relations between multiple presurgical and clinical variables and DTI measures of integrity of the C-T-C pathway in children with PF tumors. Comparisons were made between patients with CMS and those without CMS. Comparisons were also made with healthy control children for our DTI measures.
Materials and Methods

Participants
Seventeen children with PF tumors who presented with CMS following treatment, 34 children treated for PF tumors without CMS, and 28 healthy control children participated in this study. All patients were seen at the Hospital for Sick Children (SickKids), British Columbia Children's Hospital (BCCH), or Alberta Children's Hospital (ACH). Patients were excluded from the study if they were treated for recurrent disease, had diffuse brainstem glioma, were receiving palliative care, or had a premorbid history of neurological or learning disabilities. The protocol for this study was approved by the Research Ethics Boards of each participating site. All participants provided written informed consent/assent, and parental consent was obtained where applicable. Patients received a diagnosis of CMS if 2 criteria were met: (1) patients had undergone resection for PF tumor and (2) after the resection (typically 1 -3 days after surgery), patients presented with markedly reduced speech output or no speech output on clinical examination. Presurgical handedness was assessed at diagnosis at neuropsychological evaluation. Tumor, treatment, and demographic variables were compared between the appropriate groups (see Table 1 
MR Imaging and Postprocessing
The details of our protocol have been described previously 23 and are summarized here. MRI measurements were performed at SickKids using a GE LX 1.5T MRI scanner with an 8-channel head coil and at the BCCH and ACH using a Siemens 1.5T MRI scanner with a 12-channel head coil. The scanning protocol included a 3D-T1 FSPGR gradient echo, inversion recoveryprepared sequence ( 128 × 128 matrix, interpolated to 256 × 256; FOV ¼ 24 × 24 cm; rbw ¼ 1953.12 kHz; slice thickness ¼ 3 mm). Because MRI scanning parameters were different among the 3 hospitals (verified by differing signal-tonoise ratios), site of MRI scan was included as a covariate in all analyses of imaging data (see Law et al. 23 ). DTI generates quantitative indices that reflect white matter microstructure based on properties of water diffusion. 31 These indices include fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). Lower measures of FA and higher measures of MD, AD, and RD are thought to reflect axonal degeneration and compromised myelin sheath integrity. 32, 33 DTI postprocessing, seed/waypoint placement, and probabilistic tractography were conducted using the FMRIB Software Library. 34, 35 MRI data were corrected for inhomogeneity and eddy current, and DTI indices maps were computed. The probability of connection among all voxels in each image was calculated and served as a basis for fiber tracking analyses. 36 Standardized seed and waypoint masks were registered onto each individual's image with no diffusion weighting. Frontal white matter (eg, medial prefrontal cortex, inferior prefrontal gyrus and superior and middle frontal gyri) was used as the seed point, and the thalamus and cerebellar white matter were each used as waypoints for tractography to delineate the C-T-C pathway bilaterally. Frontal white matter was defined on the surface of the 3D T1
image and then registered into zero-diffusion weighted space and extended 2 mm into adjacent white matter. The thalamus was defined on the zero-diffusion weighted image as was hemispheric cerebellar white matter (using the cerebellar peduncles as the superior boundary and the pons as the inferior boundary). Tracts were . Tumor size dimensions were not available for 9 patients. b Note that the remainder of patients in each group were treated with surgery only and were not treated with radiation. c Agents included Carboplatin, Cisplatin, Cyclophosphamide, Lomustine (CCNU), and Vincristine.
thresholded and edited to eliminate erroneous streamlines. The resultant C-T-C pathways were parcellated into regions based on an anatomical template 23, 37, 38 to examine regional integrity. Anatomical regions produced from this segmentation included bilateral frontal hemispheric white matter, internal capsule/thalamus, midbrain/pons, and cerebellar hemispheric white matter. Means and standard deviations for all DTI indices (FA, MD, AD, and RD) were calculated for each anatomical region.
Statistics
First, presurgical and clinical variables were examined between patients with and without CMS with use of univariate analyses of variance and x 2 tests. Second, a model predicting CMS from those variables found to be statistically significant from the above analyses was tested using logistic regression analyses. Third, we used multivariate analysis of variance, which served to control for multiple comparisons and collinearity in the DTI data, to determine differences among patients with CMS, patients without CMS, and healthy control children for C-T-C pathway structural integrity. Specifically, DTI indices of each anatomical region of the pathway were compared. As part of these omnibus analyses, planned tests of simple effects were used. This was done to examine the a priori hypothesis that patients with CMS show decreased white matter integrity in the C-T-C pathway relative to patients without CMS and healthy control children. Lastly, a model predicting C-T-C pathway integrity from presurgical and clinical variables was investigated using linear regression.
Results
Clinical Predictors of CMS
Children with CMS had larger tumor size (F[1,40] ¼ 4.676, P ¼ .037) than did children without CMS, and a greater proportion of children with CMS received a diagnosis of medulloblastoma (x 2 (1) ¼ 9.867, P ¼ .02) (see Table 1 ). Furthermore, a greater proportion of children with CMS were left-handed (35%), compared with those without CMS (3%) (x 2 (1) ¼ 10.018, P ¼ .004). Taking into consideration the known base rates for handedness (approximately 10% of the general population is left-handed), 39 a disproportionate number of lefthanded children presented with CMS (85%), compared with right-handed children (25%). In fact, in our sample, all left-handed patients with medulloblastoma presented with CMS (Fig. 2) .
Age Table 1 ). Although the majority of patients with CMS and without CMS had midline tumors (eg, vermis and fourth ventricle), 75% of those who had right cerebellar hemispheric tumors presented with CMS. Of the patients with left cerebellar hemispheric tumors, none presented with CMS.
We entered the 3 aforementioned predictor variables (handedness, tumor size, and tumor pathology) into a logistic regression model to determine the greatest predictor(s) of CMS. The omnibus model was significant (P ¼ .006) and extracted only handedness as the strongest predictor of CMS (b ¼ 22.71, P ¼ .02). Considering that right-handedness is most prevalent in the general population, we then examined predictors of CMS in only the right-handed patients. No variables were extracted from this model, but tumor pathology and tumor size both approached statistical significance (P ¼ .067 and P ¼ .089, respectively).
Neuroanatomical Differences in CMS
Bilateral C-T-C pathways were delineated in all children (see Figs 1 and 3) . A multivariate group effect was observed for DTI indices of the right cerebellar region of the C-T-C pathway connecting this area with left frontal cortex (L ¼ 0.763, P ¼ .015). Specific univariate analyses showed significant group differences in MD (F [ Table 2 for means and standard deviations). Post-hoc analyses revealed that children with CMS had higher mean MD and AD (P , .01) in the right cerebellar region than did children without CMS and healthy control children. A significant difference in RD was also evident between children with CMS and healthy control children (P , .01); this effect approached significance between children with CMS and those without CMS (P ¼ .051).There were no differences between children without CMS and healthy control children for the right cerebellar region. Furthermore, no differences were found between groups for DTI indices of the remaining regions of the C-T-C pathway connecting the right cerebellum with left frontal cortex. The groups Fig. 3 . A sagittal view of the C-T-C pathway connecting right cerebellar hemispheric white matter with left frontal cortex via thalamus (in multicolor). The left frontal anatomical region of the C-T-C pathway falls within the red segmentation, the internal capsule/thalamus region of the pathway in the green segmentation, the midbrain/pons region of the pathway in the blue segmentation, and the cerebellar hemispheric white matter region of the pathway in yellow segmentation. Generated with MedINRIA. Table 2 . Means and standard deviations (in parentheses) for regional DTI indices of the C-T-C pathway connecting the right cerebellar hemisphere with the left frontal cortex via the left thalamic nuclei for children with CMS, children without CMS, and healthy control children. Note: Bolded cells indicate a significant mean difference between children with CMS and healthy control children at P , did not differ on the DTI indices in the C-T-C pathway connecting the left cerebellar hemisphere with the right frontal cortex. Our findings indicate that damage to the C-T-C pathway connecting the right cerebellum with left frontal cortex may underlie CMS. On the basis of the neuroanatomical difference that we found between patients with CMS and patients without CMS, other predictor variables may have an effect on neuro-anatomical structure. Consequently, we examined whether the presurgical and clinical predictors that we found to be related with CMS were also associated with right cerebellar integrity of this pathway. Because MD of the right cerebellar region of the C-T-C pathway produced the strongest effect between patients with CMS and without CMS, tumor size, handedness, and tumor pathology were regressed on right cerebellar MD. This model was significant (F[1,37] ¼ 12.108, P ¼ .001), and again, only handedness was a significant predictor of right cerebellar white matter integrity within the C-T-C pathway (b ¼ 0.497, P ¼ .001).
C-T-C Pathway
Discussion
To our knowledge, this is the first study to include presurgical and clinical variables and neuroimaging to determine the risk factors of CMS following treatment for pediatric PF tumors. We observed a number of novel findings. On the basis of these findings, we have identified a neuroanatomical substrate associated with CMS and have laid the foundation for the development of an integrated model predicting those children most at risk for CMS following surgery.
A novel finding was that the majority of left-handed children in our sample presented with CMS following surgery. Furthermore, CMS was observed more frequently in patients with aggressive tumors (medulloblastoma) and patients with larger tumors. This is consistent with previous work showing that CMS occurs more often in patients who require a more radical resection of tumors. 1 Of note, all children who were left-handed and treated for medulloblastoma presented with CMS postsurgically. There is a known vulnerability of lefthanded children for neurological problems, including learning disabilities, 40, 41 autism, 41 and epilepsy. 41 Novel to the literature, we have demonstrated that compromise to the C-T-C pathway at the level of the cerebellum is implicated in CMS. Of importance, it is the unilateral damage to right cerebellar white matter that distinguished between patients who presented with CMS and those who did not. The specific insult seen within this pathway region is evidence that PF tumor resection may be associated with an interruption of cerebellocerebral communication. This disruption may contribute to the resultant problems in the coordination and processing of speech-language seen in CMS.
Lesions of the cerebellum can produce ataxia and dysarthria, particularly lesions to the right cerebellar hemisphere, 42 and functionally, the cerebellum has been implicated in verb generation. 43 Deficits in the initiation of language, verbal fluency, and word-finding ability have been found in children following PF tumor resection. 7 Of interest, impairment in verbal intelligence and complex language tasks was observed in children who had undergone resection of cerebellar tumors and subsequently sustained damage to the right cerebellar hemisphere. 4 Lesions of the right cerebellum may deprive left hemispheric cortical language areas of essential modulatory input, resulting in errors in language processing. 42 Since the left frontal regions are important in mediating speech production and expressive language, 44 -48 our results provide evidence that the C-T-C pathway connecting the right cerebellum with areas of the brain important for speech production and expressive language (left frontal regions) is disrupted in CMS. It may be the axonal degeneration and loss of myelination within the right cerebellar region of the C-T-C pathway that is associated with CMS. We did not find group differences in any other pathway region. Because CMS is typically a postsurgical syndrome, it is logical that we would not initially expect compromise in any other region of the pathway. The deterioration of white matter pathways proximal to the cerebellum may take time to become evident; further damage in the pathway (eg, in pons and eventually thalamic and frontal cortex) would be expected on the basis of the extent of diaschisis (ie, progression to areas downstream of the initially damaged region at time of resection).
If we can identify patients who have a high risk of presenting with CMS following surgery, clinicians may be able to mitigate its symptoms. CMS may not be attributable solely to the effects of surgery, and presurgical variables may play a more prominent role in predicting CMS. 49 Indeed, our results show that left-handedness predicts both CMS and C-T-C pathway white matter outcome following treatment for pediatric PF tumors. These parallel findings suggest that left-handed patients are at a greater risk for CMS following surgery and for increased vulnerability to C-T-C pathway white matter damage. In right-handed patients, it appears that tumor size, along with pathology, may be associated with CMS. In light of our findings, we have proposed a schema for determining the level of risk for CMS (Fig. 4) . This model may have implications for clinically managing PF tumors and for lowering the risk for CMS. If compromise to the right cerebellar hemisphere is probable (eg, if the tumor is in the right hemisphere of PF or if this hemisphere will sustain damage caused by accessing the tumor), steps by surgeons may be warranted to ensure the preservation of healthy tissue in this region. Furthermore, if patients are left-handed and have medulloblastoma, more caution may be warranted for preserving as much right cerebellar hemispheric white matter as possible while still ensuring successful removal of tumor tissue. However, prospective validation of our findings is necessary to confirm that this proposed schema can be applied to the general population of children treated for brain tumors.
Our findings also have bearing on the implementation of preventative treatment plans for speech-language deficits following surgical intervention. Administering bromocriptine (a dopamine agonist) following the onset of CMS has shown some promise in mitigating akinetic mutism 50, 51 and has been shown to produce some (but inconsistent) resolution of cerebellar mutism. However, the mechanism through which these agents act on CMS is unknown and requires further research; knowledge gleaned from our present work is important in examining such mechanisms.
This study encompasses one of the largest samples for which both clinical and imaging data are available in the CMS literature. However, there are some limitations often seen in studies involving clinical samples. Because of the low base rate for left handedness in the population and the distribution of tumor pathology in our sample, cell sizes within these particular presurgical and clinical variables were relatively small. In addition, to avoid unnecessary delay in treating critically ill patients, DTI sequences are not typically included in presurgical MRI protocols in our institutions. Thus, there was a lack of preoperative DTI scans to compare C-T-C pathways before and after treatment (which is the reason that we used healthy control children as a comparison). Furthermore, because of the delay between surgery and neuroimaging for our study, we cannot distinguish between late DTI changes caused by functional alterations in CMS and DTI evidence of surgical injury (which may have caused CMS). It is nevertheless important to understand DTI white matter outcome measures in CMS, whether they are early or late, in our endeavor to predict a neuroanatomical correlate of this syndrome. In future studies, it will be important to examine C-T-C pathway integrity and the outcome and progression of CMS symptoms. Findings of this nature could also be correlated with changes in CMS symptomology to determine how, for example, mutism or behavioral problems are resolved in the weeks following treatment.
In summary, we have provided a clinical schema based on our quantitative and qualitative observations and have elucidated a neuroanatomical substrate that may contribute to the occurrence of CMS following treatment for PF tumors. We propose that lefthandedness presurgically, larger tumor size, presence of higher grade tumor, and white matter damage in the right cerebellar region of the C-T-C pathway are associated with CMS. It will be important to prospectively test our model. Our findings contribute to the growing body of research on the predictors of CMS in patients with pediatric brain tumors. This knowledge may be of critical importance to oncological practice for surgical planning and implementation of preventative and/or mitigative measures to reduce speech-language morbidity and other symptoms associated with CMS. According to this schema left-handed patients are highly likely to present with CMS (85%); this chance rises to 100% if the left-handed patient is treated for medulloblastoma. Based on our sample, right-handed patients have a 25% chance of presenting with CMS in general; this chance becomes 41% if the right-handed patient is diagnosed with medulloblastoma. Further, larger tumor size is associated with greater risk for CMS in right-handed patients. Tumor size was not found to be a factor for CMS risk in our sample of left-handed patients. Under the determination of pathology section, "Other Tumor Type" includes ependymoma and low-grade glioma/ astrocytoma, among others.
